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Decays of the lightest top squark
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We analyze higher order decay modes of the lightest top squarkt̃ 1 in the minimal supersymmetric~SUSY!
extension of the standard model~MSSM!, where the lightest SUSY particle~LSP! is assumed to be the

neutralinox1
0. For small t̃ 1 masses accessible at CERN LEP2 and the Fermilab Tevatron, we show that the

four-body decay mode into the LSP, a bottom quark and two massless fermions,t̃ 1→bx1
0f f̄ 8, can dominate in

a wide range of the MSSM parameter space over the loop-induced decay into a charm quark and the LSP,

t̃ 1→cx1
0. This result might affect the experimental searches on this particle, since only the later signal has been

considered so far.

PACS number~s!: 14.80.Ly, 12.60.Jv
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I. INTRODUCTION

Supersymmetric~SUSY! theories, and in particular th
minimal supersymmetric extension of the standard mo
~MSSM! @1,2#, predict the existence of a left- and righ
handed scalar partnerf̃ L and f̃ R to each standard model~SM!
fermion f. These current eigenstates mix to form the m
eigenstatesf̃ 1 and f̃ 2. The search for these SUSY scal
fermions is one of the main entries of the CERNe1e2 col-
lider LEP2 and Fermilab Tevatron agendas. At the Tevatr
the production cross sections of squarks are rather large s
they are strongly interacting particles and stringent boun
mq̃*250 GeV @3,4#, have been set on the masses of
scalar partners of the light quarks by the Collider Detecto
Fermilab ~CDF! and D0 Collaborations. At LEP2, bound
close to the kinematical limits,ml̃ *80 GeV @3,5#, have
been set on the masses of the charged scalar leptons,
the experimental bound on the mass of the sneutrinos is
rather low,mñ*45 GeV @3#.

The situation of the top squarks is rather special. Inde
the two current top squark eigenstatest̃ L and t̃ R could
strongly mix@6# due to the largemt value which enters in the
nondiagonal element of the mass matrix. This leads to a m
eigenstatet̃ 1 possibly much lighter than the other squark
and even lighter than the top quark itself. If the top squarkt̃ 1
is lighter than the top quark and the chargino@and also
lighter than the scalar leptons#, then the two-body decay
modes@7# into a top quark and the lightest neutralino@which,
in the MSSM with conservedR parity @8#, is expected to be
the lightest SUSY particle~LSP!# and into a bottom quark
and the lightest chargino are kinematically forbidden at
tree level. The maint̃ 1 decay channel is then expected to
the loop-induced and flavor-changing decay into a cha
quark and the lightest neutralino@9#

t̃ 1→cx1
0 . ~1!

At the Tevatron, a light scalar top squark can be produ
either directly in pairs through gluon-gluon fusion an
quark-antiquark annihilation,gg/qq̄→ t̃ 1 t̃ 1* @10#, or in top
0556-2821/2000/61~9!/095006~10!/$15.00 61 0950
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quark decays,t→ t̃ 1x1
0 @11#, if kinematically allowed. With

the assumption that the branching ratio for the decayt̃ 1

→cx1
0 is 100%, a contour in themt̃ 1

2mx
1
0 plane has been

excluded by the CDF Collaboration in a preliminary analy
@12#. For instance, for a neutralino mass ofmx

1
0;40 GeV,

the maximum excludedt̃ 1 mass is mt̃ 1
.120 GeV; for

smaller or largermx
1
0 values the bounds onmt̃ 1

are lower. At

LEP2, the lightest top squark is produced in pairs througs
channel photon andZ boson exchange diagramse1e2

→g, Z→ t̃ 1 t̃ 1* @13#. Again, assuming a branching ratio o

100% for the decayt̃ 1→cx1
0, the LEP Collaborations have

set a lower bound1 of mt̃ 1
*83 GeV @5# on the lightest top

squark mass, with the additional assumption that the amo
of missing energy is larger than 15 GeV@5#.

All these searches rely on the fact that the decayt̃ 1

→cx1
0 is largely dominant.2 However, there is another deca

mode which is possible in the MSSM, even if the lightest t
squark is the next-to-lightest SUSY particle: the four-bo
decay into a bottom quark, the LSP and two massless fe
ons

t̃ 1→bx1
0f f̄ 8. ~2!

This decay mode is mediated by virtual top quark, chargi
sbottom, slepton and first and/or second generation sq
exchange~see Fig. 1!, and is of the same order of perturb
tion theory as the loop-induced decayt̃ 1→cx1

0, i.e.,O(a3).
In principle, it can therefore compete with the latter dec

1Recently the OPAL Collaboration@14# has set a stronger boun
of mt̃ 1

*87.2 GeV with a mass splitting between the top quark a
the LSP larger than 10 GeV.

2Some three-body decays of the top squark have also been
sidered @15#. At LEP2, for instance, the possibility of a ligh

sneutrino leading to the kinematically accessible decay modet̃ 1

→bl ñ has been analyzed; in this case, a bound ofmt̃ 1
*85 GeV

@5# has been set on the lightest top squark mass.
©2000 The American Physical Society06-1
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FIG. 1. Feynman diagrams contributing to th

four-body decay modet̃ 1→bx1
0f f̄ 8.
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channel. Several estimates of the order of magnitude of
decay rate of the process Eq.~2! have been made in th
literature@9,16#. These estimates were based on the assu
tion of the dominance of one of the contributing diagra
@the last diagram of Fig. 1~c! in Ref. @9# for instance# and on
the assumption that the exchanged particles are much he
than the decaying top squark@therefore working in the point-
like limit to evaluate the amplitudes#. In this case, the outpu
was that the decay rate@see Eq.~2!# is in general much
smaller than the decay rate of the loop-induced decay in
charm quark and a neutralino, as one might expect since
virtual particles were too heavy from the beginning.

The purpose of this paper is to revisit the four-body dec
Eq. ~2! in light of the recent experimental limits on th
masses of the SUSY particles. We perform a complete
culation of the decay process, taking into account all Fe
man diagrams and interference terms. We show that if
exchanged particles do not have an overly large virtua
@i.e., that they are not much heavier than the decaying
squark# this four-body decay can in fact dominate over t
loop-induced decay channel Eq.~1! in large areas of the
MSSM parameter space. This result will therefore affect
present experimental lower bounds on thet̃ 1 mass, since, as
discussed previously, this state has been searched for u
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the assumption that the decay modet̃ 1→cx1
0 is the main

decay channel. AFORTRAN code calculating the partia
widths and branching ratios for this four-body decay mo
@17# will be made available, and the lengthy formulas for t
four-body decay width will be given elsewhere@17#.

The rest of the paper is organized as follows. In Sec.
we introduce our notation and discuss the two-body de
modes of the top squarks, and in particular the decay of
lightest top squark into charm and neutralino, paying spe
attention to the cases where the decay rate can be suppre
In Sec. III, we analyze the four-body decay mode Eq.~2!,
and make a detailed numerical comparison with the previ
decay channel. Some conclusions are then given in Sec

II. THE TWO-BODY DECAYS

In this section, we will first summarize the properties
top squarks, masses and mixing, and then discuss their
level two-body decays into neutralinos and top quarks a
charginos and bottom quarks, as well as the loop-indu
decay of the lightest top squark into a charm quark and
lightest neutralino.
6-2
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DECAYS OF THE LIGHTEST TOP SQUARK PHYSICAL REVIEW D61 095006
A. Squark masses and mixing

As discussed previously, the left-handed and right-han
squarks of the third generationf̃ L and f̃ R @the current eigen-
states# can strongly mix to form the mass eigenstatesf̃ 1 and
f̃ 2. The mass matrices which determine the mixing are gi
by

M f̃
2
5F mLL

2
mfÃf

mfÃf mRR
2 G , ~3!

where, in terms of the soft SUSY-breaking scalar massesmf̃ L

and mf̃ R
, the trilinear couplingAf , the Higgsino mass pa

rameterm, and tanb5vU /vD @the ratio of the vacuum ex
pectation values of the two-Higgs doublet fields#

mLL
2 5mf

21mf̃ L

2
1~ I f

32efsW
2 !cos 2b MZ

2 ,

mRR
2 5mf

21mf̃ R

2
1efsW

2 cos 2b MZ
2 ,

Ãf5Af2m~ tanb!22I f
3
, ~4!

with ef andI f
3 as the electric charge and weak isospin of

sfermion f̃ , respectively, andsW
2 512cW

2 [ sin2uW. The
mass matrices are diagonalized by (232) rotation matrices
of angleu f as follows:

S f̃ 1

f̃ 2
D 5R f̃S f̃ L

f̃ R
D ,

R f̃5S cu f
su f

2su f
cu f

D , cu f
[ cosu f and su f

[ sinu f .

~5!

The mixing angleu f and the squark eigenstate masses
then given by

sinu f5
2mfÃf

A~mLL
2 2mf̃ 1

2
!21mf

2Ãf
2

,

cosu f5

mLL
2 2mf̃ 1

2

A~mLL
2 2mf̃ 1

2
!21mf

2Ãf
2

~6!

mf̃ 1,2

2
5

1

2
@mLL

2 1mRR
2 7A~mLL

2 2mRR
2 !214mf

2Ãf
2#. ~7!

In our analysis, we will take into account the mixing not on
in the top squark sector, where it is very important beca
of the large value ofmt , but also in the sbottom and sta
sectors, where it might be significant for large values of
parametersm and tanb. Furthermore, we will concentrate o
two scenarios to illustrate our numerical results.
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~i! ‘‘Unconstrained’’ MSSM. We will assume for simplic
ity a common soft SUSY-breaking scalar mass for the th
generations of squarks and sleptons and for isospin up
down type particles:mt̃ L

5mt̃ R
5mb̃R

[mq̃ and mt̃L
5mt̃R

[ml̃ @mb̃L
5mt̃ L

, andmñL
5mt̃L

by virtue of SU~2! invari-
ance#. The splitting between different particles, and in pa
ticular between the two top squarks, will then only be due
the D terms and to the off-diagonal entries in the sfermi
mass matrices.@Note that in this case, in most of the param
eter space, the top squark mixing angle is either close top/2
~no mixing! or to 6p/4 ~maximal mixing! for, respectively,
small and large values of the off-diagonal entrymtÃt of the
matrix M t̃

2 .# Furthermore, we will assume that the mixin
between different generations is absent at the tree level@oth-
erwise the decay modet̃ 1→tx1

0 would have already occurre
at this level#.

~ii ! Constrained MSSM. This is also known as the min
mal supergravity (MSUGRA) model, where the soft SUS
breaking scalar masses, gaugino masses, and trilinear
plings are universal at the grand unified theory~GUT! scale.
The left- and right-handed sfermion masses are then give
terms of the gaugino mass parameterm1/2, the universal sca-
lar massm0, the universal trilinear couplingA0, and tanb.
For the soft SUSY-breaking scalar masses, the parametem,
and the trilinear couplings at the low energy scale, we w
use the approximate formulas for the one-loop renormal
tion group equations~RGEs! given in Ref. @18#. In
MSUGRA @in the small tanb regime# due to the running of
the ~large! top Yukawa coupling, the two top squarks can
much lighter than the other squarks and, in contrast with
first two generations, one has a generically sizeable split
betweenmt̃ L

2 and mt̃ R

2 at the electroweak scale. Thus, ev

without large mixingt̃ 1 can be much lighter than the othe
squarks in this scenario.

B. Two-body decays

If the top squarks are heavy enough, their main de
modes will be into top quarks and neutralinos,t̃ i→tx j

0 @ j
51 –4#, and bottom quarks and chargino
t̃ i→bx j

1 @ j 51 –2#. The partial decay widths are given a
tree level by

G~ t̃ i→tx j
0!5

a

4mt̃ i

3
sW

2 @~ai j
t̃ 21bi j

t̃ 2!~mt̃ i

2
2mt

22mx
j
0

2
!

24ai j
t̃ bi j

t̃ mtmx
j
0ex j

#l1/2~mt̃ i

2 ,mt
2 ,mx

j
0

2
!

3G~ t̃ i→bx j
1!

5
a

4mt̃ i

3
sW

2 @~ l i j
t̃ 21ki j

t̃ 2!~mt̃ i

2
2mb

22mx
j
1

2
!

24l i j
t̃ ki j

t̃ mbmx
j
1#l1/2~mt̃ i

2 ,mb
2 ,mx

j
1

2
!, ~8!

where l(x,y,z)5x21y21z222(xy1xz1yz) is the usual
6-3
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two-body phase space function andex j
is the sign of the

eigenvalue of the neutralinox j
0 . The couplingsaL j ,R j

i and
bL j ,R j

i for the neutral decay are given by

H a1 j
t̃

a2 j
t̃ J 52

mtNj 4

A2MW sinb
H su t

cu t

J 2 f L j H cu t

2su t

J H b1 j
t̃

b2 j
t̃ J

52
mtNj 4

A2MW sinb
H cu t

2su t

J 2 f R j H su t

cu t

J ~9!

with

f L j5A2sWF2

3
Nj 18 1S 1

2
2

2

3
sW

2 D 1

cWsW
Nj 28 G ,

f R j52A2sWF2

3
Nj 18 2

2

3

sW

cW
Nj 28 G , ~10!

while the couplingsl L j ,R j
i and kL j ,R j

i for the charged decay
mode are given by

H k1 j
t̃

k2 j
t̃ J 5

mb U j 2

A2 MW cosb
H cu t

2su t

J ,

H l 1 j
t̃

l 2 j
t̃ J 5Vj 1H 2cu t

su t

J 1
mtVj 2

A2MW sinb
H su t

cu t

J . ~11!

In these equations,N andU/V are the diagonalizing matrice
for the neutralino and chargino states@19# with

Nj 18 5cWNj 11sWNj 2 , Nj 28 52sWNj 11cWNj 2 . ~12!

If these modes are not kinematically accessible, the lig
est top squark can decay into a charm quark and the ligh
neutralino. This decay mode is mediated by one-loop ve
diagrams, as well as squark and quark self-energy diagra
bottom squarks, charginos, chargedW and Higgs bosons ar
running in the loops. The flavor transitionb→c occurs
through the charged currents. Adding the various contri
tions, a divergence is left out which must be subtracted
adding a counterterm to the scalar self-mass diagrams
Ref. @9#, work is carried out in the minimal supergravit
framework where the squark masses are unified at the G
scale. The divergence is then subtracted using a soft c
terterm at LGUT, generating a large residual logarith
log(LGUT

2 /MW
2 ) in the amplitude when the renormalization

performed. This logarithm gives the leading contribution
the t̃ 1→cx1

0 amplitude.3

Neglecting the nonleading~constant! terms as well as the
charm-quark mass, the partial width of the decayt̃ 1→cx1

0 is
given by

3In fact, this contribution is due to the top-squark-charm mixi
induced at the one-loop level, which can be obtained by solving
renormalization group equations in MSUGRA@9#.
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G~ t̃ 1→cx j
0!5

a

4
mt̃ 1S 12

mx
1
0

2

mt̃ 1

2 D 2

u f L1u2ueu2, ~13!

where f L1 is given by

f L15A2sWF2

3
~cWN111sWN12!

1S 1

2
2

2

3
sW

2 D2sWN111cWN12

cWsW
G ~14!

ande denotes the amount oft̃ L,R2 c̃L mixing and is given by
@9#

e5
DLcu t

2DRsu t

mc̃L

2
2mt̃ 1

2 ~15!

with

DL5
a

4psW
2

lnS LGUT
2

MW
2 D Vtb* Vcbmb

2

2MW
2 cos2 b

~mc̃L

2
1mb̃R

2
1mH1

2 1Ab
2!

DR5
a

4psW
2

lnS LGUT
2

MW
2 D Vtb* Vcbmb

2

2MW
2 cos2 b

mtAb . ~16!

Assuming proper electroweak symmetry breaking, the Hig
scalar massmH1

can be written in terms ofm, tanb, and the

pseudoscalar Higgs boson massMA as

mH1

2 5MA
2 sin2 b2cos 2bMW

2 2m2. ~17!

Note also thatDL and DR are suppressed by the Cabibb
Kobayashi-Maskawa~CKM! matrix elementVcb;0.05 and
the ~running! b quark mass squaredmb

2;(3 GeV)2, but are
very strongly enhanced by the term ln(LGUT

2 /MW
2 ) which is

close to;65 for LGUT.231016 GeV. Let us now discuss
the various scenarios in which the decay rate Eq.~13! is
small.

~i! First, and as discussed previously, the large logarit
ln(LGUT

2 /MW
2 );65 appears only because the choice of

renormalization condition is made at the GUT scale. T
might be justified in the framework of the MSUGRA mode
but in a general MSSM where the squark masses are
unified at some very high scale such asLGUT, one could
chose a low energy counterterm; in this case no large lo
rithm would appear. In fact, one could have simply made
renormalization in the modified minimal subtraction(MS)
@or dimensional reduction(DR)# scheme, where the diver
gence is simply subtracted, and we would have been left o
with the ~very small! subleading terms.

~ii ! If the lightest top squark is a pure right-handed state@a
situation which is in fact favored by the stringent constra
@20# from high-precision electroweak data, and in particu
from ther parameter; see Ref.@21# for instance#, there is no
mixing in the top squark sector, and thee term in Eq.~15!
e

6-4
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DECAYS OF THE LIGHTEST TOP SQUARK PHYSICAL REVIEW D61 095006
involves only theDR component. For moderate values of t
trilinear couplingAb , this component can be made sm
enough to suppress the decay rateG( t̃ 1→cx1

0). In addition,
the charm squark mass can be made different from the li
est top squark mass and taken to be very large. There wi
then a further strong suppression from the denominato
Eq. ~15! „in fact this situation occurs also in the MSUGR
model, since of the running of the top-quark Yukawa co
pling t̃ R can be much lighter thanc̃L , especially for large
values of the parameterm0; see Ref.@18#….

~iii ! Even in the case of mixing, for a given choice of th
MSSM parameters, large cancellations can occur betw
the various terms in the numerator of Eq.~15!. Indeed, for
some values of the soft SUSY-breaking scalar masses
trilinear couplingAb , the two termsDL,R weighted by the
sine and cosine of the mixing angle might cancel each ot
this would happen for a value ofu t such that tanu t
.DL /DR . In addition, the coefficientf L in Eq. ~14!, which
summarizes the gaugino-Higgsino texture of the lightest n
tralino might also be very small. In fact, as can be seen,
parameter involves only the gaugino componentsN11 and
N12; if the neutralinox1

0 is Higgsino-like, these two compo
nents are very small, leading to a very small value forf L .

Thus, there are many situations in which the decay r
G( t̃ 1→cx1

0) might be very small, opening the possibility fo
the four-body decay mode to dominate. We will now tu
our attention to this topic.

III. THE FOUR-BODY DECAY MODE

A. Analytical results

The four-body decay modet̃ 1→bx1
0f f̄ 8, which occurs for

top squark masses larger thanmb1mx
0
1, proceeds through

several diagrams as shown in Fig. 1. First there are thW
boson exchange diagrams with a virtual top quark, bott
squark or the two charginos states@Fig. 1~a!#. A similar set
of diagrams is obtained by replacing theW boson by the
charged Higgs bosonH1 @Fig. 1~b!#. A third type of diagram
consists of up and down type slepton or first and sec
generation squark exchanges@Fig. 1~c!#.

We have calculated the amplitude squared of the de
mode, taking into account all these diagrams and inter
ences. The complete expressions are too lengthy and wi
given elsewhere@17#. We have taken into account theb
quark mass~which might be important for nearly degenera
top squark and LSP masses! and the full mixing in the third
generation sector. We have then integrated the amplit
squared over the four-body phase space using the Mo
Carlo routine Rambo@22# to obtain the partial decay width
Let us summarize the main features of the result.

The charged Higgs boson exchange diagrams [Fig. 1(b)]

These diagrams do not give rise to large contributions
two reasons. First, because of the relation in the MSSM
tween the charged and pseudoscalar Higgs boson ma
MH6

2
5MA

21MW
2 , and the experimental boundMA

*90 GeV, the charged Higgs boson with a mass ofMH6
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*120 GeV has a much larger virtuality than theW boson
contribution. Since the other exchanged particles are
same, theH6 contribution is much smaller than theW con-
tribution. In addition, the contributions are suppressed by
very tiny Yukawa couplings of theH6 bosons to leptons and
light quarks, except in the case of theH1nt coupling, which
can be enhanced for large tanb values. However, in this cas
the decay widthG( t̃ 1→cx1

0) @which grows as 1/cos2b] is
also strongly enhanced. Therefore, these contributions ca
safely neglected in most of the parameter space.

The squark exchange diagrams in Figs. 1(a) and Fig. 1(c)

In general, the diagrams of Fig. 1~c! give very small con-
tributions for t̃ 1 masses of the order of 100 GeV, since t
first and second generation squarks are expected to be m
heavier, (mq̃*250 GeV), and their virtuality is therefore
too large. For much largert̃ 1 masses, the two-body deca
channel t̃ 1→bx1

1 ~or one of the three-body decay mode!
will be in general open and will largely dominate the ra
The sbottom contribution in Fig. 1~a! is also very small, if
the mixing in the sbottom sector is neglected and the Te
tron boundmb̃*250 GeV applies~this bound is valid only
if bottom squarks are approximately degenerate with fi
and second generation squarks; in the general case the
perimental bound@5# is lower!. For large values of tanb,
which would lead to a strong mixing in the sbottom sec
with a rather lightb̃1, the decay widtht̃ 1→cx1

0 becomes
very large as discussed previously, leaving little chance
the four-body decay mode to occur.

Top quark exchange diagrams Fig. 1(a)

The contribution of the diagram with an exchanged t
quark is only important if the top squark mass is of the ord
of mt1mx

1
0 and thereforemt̃ 1

*O(250 GeV), with the pro-

viso that~i! the lightest chargino must be heavier thant̃ 1 for
the two-body decay modet̃ 1→bx1

1 to be kinematically for-

bidden, and~ii ! the t̃ 1 mass must be smaller thanmx
1
0

1MW to forbid the three body decayt̃ 1→bx1
0W. In models

with gaugino mass unification,M2;M1/2, the x1
0 and x1

1

masses are related in such a way that the above condi
~with a not too virtual top quark! are fullfiled only in a mar-
ginal area of the parameter space. Thus this contribution
also be neglected.

Slepton exchange diagrams Fig. 1(c)

In contrast to squarks, slepton@and especially sneutrino#
exchange diagrams might give substantial contributio
since sleptons masses ofO(100 GeV) are still experimen
tally allowed. In fact, when the difference between the lig
est top squark, the lightest chargino, and the slepton ma
is not large, the diagrams in Fig. 1~c! will give the dominant
contribution to the four-body decay mode, with a rate pos
bly much larger than the rate for the loop induced decayt̃ 1

→cx1
0, for small enough values of tanb.
6-5
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Chargino exchange diagram Fig. 1(a)

The most significant contributions to the four-body dec
mode will come in general from this diagram, when the v
tuality of the chargino is not too large. In particular, for a
exchangedx1

1 with a mass not much larger than the expe
mental lower boundmx

1
1*95 GeV, @but with mx

1
1,mx

1
0

1MW to forbid the three-body decay mode#, the decay width
can be substantial even for top squark masses of the ord
80 GeV.

Thus, a good approximation@especially for a light top
squarkmt̃ 1

;O(100 GeV)# is to take into account only the
lightest chargino and slepton exchange contributions.
terms of the momenta of the various particles involved in
process@all momenta are outgoing, except for the mome
tum of the decaying top squark, which is ingoing# and defin-
ing the propagators asDX5pX

22MX
2 , the amplitude squared

for the charged slepton and sneutrino contributions is gi
by the following, in whichmx

1
0 is the physical LSP mass an

ex1
is the sign of the eigenvalue of the neutralinox1

0:

uAl̃ u25
4e6

sW
6 Dx

1
1

2
Dl̃ L

2 mx
1
1

2
al

2~U11!
2~ l 11

t̃ !2~pl•px
1
0!~pb•pn!

1
4e6

sW
6 Dx

1
1

2
D ñL

2 an
2~V11!

2~ l 11
t̃ !2~pn•px

1
0!@2~pb•px

1
1!

3~pl•px
1
1!2~px

1
1!2~pb•pl !#

1
4e6~ l 11

t̃ !2U11V11anal

sW
6 D ñL

D l̃ L
Dx

1
1

2 ex1
mx

1
0mx

1
1@~pb•pn!

3~pl•px
1
1!2~pb•pl !~pn•px

1
1!1~pb•px

1
1!~pn•pl !#,

~18!

where we have taken into account only the exchange of
lightest chargino, and neglected the mixing in the charg
slepton sector, which is in general not too large for sm
values of tanb. In terms of the elements of the matrice
diagonalizing the chargino and neutralino mass matrices,

couplingsaf and l 11
t̃ read

l 11
t̃ 52cu t

V111su t
YtV12, Yt5

mt

A2MW sinb
,

af52A2efN11sW2A2~ I 3
f 2efsW

2 !
N12

cW
. ~19!

Taking into account only the contribution of the lighte
chargino, the amplitude squared for the chargino excha
diagram is given by
09500
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6 DW
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2
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1
0•pf 8!

2ex1
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1
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1
1O11

L O11
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1
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1
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1
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1~O11
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0•pf !~px

1
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1
1•pb!
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1
1

2
~px

1
0•pf !~pb•pf 8!!#, ~20!

with Nc as the color factor and the chargino-neutralino-W
couplingsO11

L,R of

O11
L 52

V12

A2
N141V11N12, O11

R 5
U12

A2
N131U11N12.

~21!

If the W boson in the virtual chargino diagram decays le
tonically, one has to also take into account the interfere
between the chargino and slepton exchange diagrams.
suming again no mixing in the charged slepton sector wh
means that only left-handed sleptons contribute, the inter
ence term is given by

Re@Ax
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1Al̃
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mx
1
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1O11

R ~pb•pn!
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1
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1
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1
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~22!

Note that if the exchangedW bosons and sleptons are re
@i.e., for t̃ 1 masses larger thanMW1mx

1
01mb and/or ml̃

1mb , respectively#, the three-body decay channelst̃ 1

→bW1x1
0 and t̃ 1→bl l̃ 8 open up. This situation can b

handled by including the total widths of theW boson and
sleptons in their respective propagators. In the numer
analysis though, we will concentrate only on the kinemati
regions where theW boson and sleptons are off mass she

B. Numerical results

For the numerical results, where we include the contrib
tions of all diagrams, not only the dominant chargino a
6-6
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slepton exchange diagrams discussed above, we first sho
Figs. 2 and 3 the branching ratios for the four-body dec
modeB( t̃ 1→bx1

0f f̄ 8) in the unconstrained MSSM scenari
with a common squark massmq̃ . For the gaugino sector, w
have chosen tanb52.5, a gaugino mass parameterM2
5120 GeV@Figs. 2~a! and 3~a!#, 200 GeV@Figs. 2~b! and
3~b!#, and three values of the parameterm5300, 450, and
700 GeV. This leads to the lightest chargino and neutra
masses shown in Table I; these values allow for chargi
x1

1 with a virtuality that is not too large, but still heav
enough to comply with the available experimental boun
even for the choiceM25120 GeV. The trilinear coupling
At is varied to fixmt̃ 1

to a constant value, while the couplin

Ab is fixed to Ab52100 GeV. For the additional param
eters which enter thet̃ 1→cx1

0 amplitude, we will take the
following for the entire numerical analysis, i.e., also for t
other figures:MA5500 GeV~except in the MSUGRA sce
nario discussed later, whereMA is given by the RGE’s!,
Vcb50.05, mb

run53 GeV; and the cut-offL, which will be
taken to be the GUT scaleLGUT5231016 GeV.

In Fig. 2, the branching ratioB( t̃ 1→bx1
0f f̄ 8) is shown as

a function of the soft SUSY-breaking scalar massmq̃ for two
values of the lighter top squark massmt̃ 1

580 GeV @Fig.
2~a!# and 150 GeV@Fig. 2~b!#. The common slepton mass
taken to beml̃ ;200 GeV so that the contribution of th

FIG. 2. The branching ratioB( t̃ 1→bx1
0f f̄ 8) as a function of the

common squark massmq̃ for a scalar top quark massmt̃ 1
580 ~a!

and 150 GeV~b!.
09500
in
y

o
s

,

sleptons to the decay will be extremely small especially
the smallmt̃ 1

values. One sees that even for a rather light

squark,mt̃ 1
580 GeV@Fig. 2~a!#, the branching ratio can be

largely dominating. Form5300 GeV, it is already the cas
for values ofmq̃ close to;200 GeV, which is needed to
keep the masses of the first and second generation squ
larger than the present experimental lower bound. For lar
mq̃ values, the branching ratio becomes very close to o
For the valuem5450 GeV, the branching ratio drops to th
level of 10–20 %; due mainly to the positive interferen
generated by the soft scalar mass squaredmH1

2 ;2m2 @Eq.

~17!# which enhances the decay rateG( t̃ 1→cx1
0), but is also

TABLE I. x1
0 andx1

1 masses for tanb52.5 and the choices o
M2 andm parameters of Figs. 2 and 3. All parameters and mas
are in GeV.

mt̃ 1
M2 m mx

1
0 mx

1
1

80 120 300 50.2 96
450 53.6 106
700 55.4 112

150 200 300 87.8 163
450 91.8 181
700 93.8 190

FIG. 3. The branching ratioB( t̃ 1→bx1
0f f̄ 8) as a function of the

top squark massmt̃ 1
for a scalar massmq̃5400 GeV and a gaugino

massM2 of 120 ~a! and 200 GeV~b!.
6-7
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due to the fact that the exchanged chargino, which gives
largest contribution to the four-body decay channel,
heavier than in the previous case so that its large virtua
suppresses the four-body decay mode. For the valuem
5700 GeV, the interference can be either positive or ne
tive, and in the marginmq̃;300–400 GeV, the decayt̃ 1

→bx1
0f f̄ 8 dominates over the loop-induced decayt̃ 1→cx1

0

in spite of the even larger virtuality of the chargino.
For a heaviert̃ 1 state,mt̃ 1

5150 GeV@Fig. 2~b!#, and for

the valueM25200 GeV~leading to heavier charginos an
neutralinos! and the samem values as above, the branchin
ratio B( t̃ 1→bx1

0f f̄ 8) is larger than 95% for almost all value
of the parametermq̃ . This is first due to the fact that th
phase space is more favorable in this case, i.e., the virtu
of the chargino is relatively smaller, and also due to the f
that for this particular choice of the lightest top squark ma
the parametere in Eq. ~15! which governs the magnitude o
the decay rateG( t̃ 1→cx1

0) is suppressed, i.e., the mixin
angle is such that there is a partial cancellation between
two terms in the numerator of Eq.~15!.

Figure 3 shows the branching ratioB( t̃ 1→bx1
0f f̄ 8) as a

function of the lightest top squark mass for a fixed value
the common squark and slepton massmq̃5ml̃ 5400 GeV,
and for the same parameters tanb, m, andM2 as in Fig. 2.

FIG. 4. The branching ratioB( t̃ 1→bx1
0f f̄ 8) as a function of the

sneutrino massmñ for a scalar top quark massmt̃ 1
580 and two

values ofm5700 GeV~a! and 300 GeV~b!.
09500
e
s
y

a-

ity
t

s,

he

f

As can be seen, the branching ratio is very small in the low
top squark mass range where the virtuality of the exchan
chargino is rather large, and increases with increasingmt̃ 1

to

reach values close to unity near themt̃ 1
;mb1mx

1
1 threshold

where the two-body decay modet̃ 1→bx1
1 opens up.~Of

course, beyond this threshold, the loop induced decay
comes irrelevant and we stopped the curves at these val!
Note that even for the small valuesmt̃ 1

;80 GeV @Fig.

3~a!#, the branching ratio for the four-body decay modet̃ 1

→bx1
0f f̄ 8 can reach the level of 90%. Since top squarks w

these mass values have been experimentally ruled ou
LEP2~and possibly Tevatron! searches under the assumpti
that they decay most of time into charm quarks and the lig
est neutralinos, the searches at LEP2 have to be reconsid
in light of the possible dominance of the four-body dec
mode.

In the previous figures, sleptons were too heavy to c
tribute substantially to the decay ratet̃ 1→bx1

0f f̄ 8 since we
assumed the common slepton mass to beml̃ 5mq̃
.200 GeV. In Fig. 4, we relax the assumptionml̃ 5mq̃ and
show the branching ratioB( t̃ 1→bx1

0f f̄ 8) as a function of the
sneutrino massmñ ~the masses of the other slepton a
then fixed and are of the same order! for mt̃ 1

580 GeV,

m5300 GeV@Fig. 4~a!# and 700 GeV@Fig. 4~b!# and three
values of the common soft scalar quark massmq̃5300, 500,

FIG. 5. The branching ratioB( t̃ 1→bx1
0f f̄ 8) as a function of top

squark massmt̃ 1
in the MSUGRA scenario form,0 ~a! and

m.0 ~b!.
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and 800 GeV. As can be seen, the contribution of slept
can substantially enhance the four-body decay branching
relatively small masses corresponding tomñ&120 GeV in
this case. For larger sneutrino masses, the sleptons be
too virtual and we are left only with the contribution of th
lightest chargino discussed previously and which is cons
in this case.

Finally, let us turn to the case of the MSUGRA scenar
The branching ratio of the decayt̃ 1→bx1

0f f̄ 8 for a light top
squarkmt̃ 1

;70–130 GeV is shown in Fig. 5 as a function

mt̃ 1
for tanb52.5, m.0 @Fig. 5~a!# andm,0 @Fig. 5~b!#

and several choices of the value of the gaugino mass pa
eter m1/2;0.8M2. Again, the choice ofm1/2 leads to
chargino masses not too much larger than the allowed
perimental bounds,mx

1
1&140 GeV; in fact in this scenario

m is always large and the neutralinos and charginos are
most bino- and wino-like, with massesmx

1
0;M2/2 and

mx
1
1;M2. Again, one sees thatB( t̃ 1→bx1

0f f̄ 8) can be very

large, in some cases exceeding the 50% level, even for
ues mt̃ 1

;80 GeV, which are experimentally excluded b

the negative search of thet̃ 1→cx1
0 signatureif this decay

channel dominates.

IV. CONCLUSIONS

We have analyzed the four-body decay mode of the lig
est top squark into the lightest neutralino, a bottom qua
and two massless fermions,t̃ 1→bx1

0f f̄ 8, in the framework
hy

S
in,
5

A.

n-

lk
5

se
8

09500
s
or

me

nt

.

m-

x-

l-

l-

t-
,

of the minimal supersymmetric extention of the standa
model, where the neutralinox1

0 is expected to be the lightes
SUSY particle. Although we have evaluated the partial de
width, taking into account all the contributing diagrams a
their interferences, we have singled out those which give
dominant contributions.

For small t̃ 1 masses accessible at LEP2 and the Tevatr
we have shown that this four-body decay mode can domin
over the loop-induced decay into a charm quark and the L
t̃ 1→cx1

0, if charginos and sleptons have masses not
much larger than their present experimental bounds. T
holds in the case of both the ‘‘unconstrained’’ and co
strained (MSUGRA) MSSM.

This result will affect the experimental searches of t
lightest top squark at LEP2 and at the Tevatron, since o
the charm plus lightest neutralino signal has been consid
so far in these experiments. However, the topology of
four-body decay is similar to the ones of the three-body
cay modet̃ 1→bl l̃ 8 ~for final state leptons!, which has been
searched for at LEP2@5#, and of the two-body decay mod
t̃ 1→bx1

1 which has been looked for at the Tevatron@12#.
The extension of the experimental searches to the de
mode t̃ 1→bx1

0f f̄ 8 should thus be straightforward.
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